Organization of the IGHV genes (n ¼ 108) on single human chromosomes has been determined by detecting these sequences in single sperm using multiplex PCR amplification followed by microarray detection. A total of 374 single sperm samples from five Caucasian males were studied. Three deletion/insertion polymorphisms (Del I-Del III) with deletion allele frequencies ranging from 0.1 to 0.3 were identified. Del I is a previously reported polymorphism affecting three IGHV genes (IGHV1-8, IGHV3-9, and IGHV2-10). Del II affects a region 2-18 kb containing two pseudogenes IGHV(II)-28.1 and IGHV3-29, and Del III spans B21-53 kb involving genes IGHV4-39, IGHV7-40, IGHV(II)-40-1, and IGHV3-41. Deletion alleles of both Dels II and III were found in a heterozygous state, and therefore, could not be easily detected if haploid samples were not used in the study. Results of the present study indicate that deletions/insertions together with other possible chromosomal rearrangements may play an important role in forming the genetic structure of the IGHV region, and may significantly contribute to antibody diversity. Since these three polymorphisms are located within or next to the 3 0 half of the IGHV region, they may have an important role in the expressed IGHV gene repertoire during immune response.
Introduction
Immunoglobulins (IG) are composed of the light (L) and heavy (H) chains, each of which consists of a variable (V) and a constant (C) region. The variable region is diversified in its amino-acid sequence and is responsible for interaction with a wide spectrum of antigens. The variable region of the heavy chain (IGHV) is encoded by three different genes, V, diversity (D), and joining (J), which are juxtaposed through somatic rearrangement from adjacent chromosomal regions. Each of these regions contains a number of genes of similar function sharing a significant degree of sequence identity. The human IGHV genes map to three chromosomes: chromosome 14, 1-3 chromosome 15, 4 and chromosome 16. 5, 6 However, only the IGHV locus on chromosome 14 is essential for somatic generation of the IGH gene coding for the heavy chain. Mapping and sequencing efforts from different laboratories have contributed to understanding the physical structure of the IGHV region. [7] [8] [9] [10] [11] [12] The complete nucleotide sequence of this region, reported by Matsuda et al, encompasses 957 kb on a subtelomeric region of chromosome 14q containing 123 IGHV genes subdivided into seven subgroups based on their degree of sequence identity. These authors classified V genes into 39 functional, one transcribed, four ORFs, and 79 pseudogenes. 11 According to the International ImMunoGeneTics database (http://imgt.cines.fr), 41 pseudogenes that could not be assigned to subgroups with functional genes were recently assigned to clans.
Elucidation of the human IGHV gene organization is critical for understanding the extent of genetic contribution to antibody diversity. Generation of antibody diversity is achieved mainly through evolutionarily determined germline repertoire, somatic rearrangement of germline V, D, and J genes to form a functional gene and somatic mutation. 13, 14 Although the impact of V-D-J rearrangement and somatic hypermutation on antibody diversity has been studied extensively, [15] [16] [17] [18] [19] little is known about the contribution of genetic variation to antibody diversity. One of the genetic causes of antibody diversity is variation in gene number and composition due to the presence/absence of some genes in different haplotypes. It is believed that no individuals' haplotypes in the human population contain the same set of IGHV genes. Localization of these polymorphic regions is a necessary step toward understanding the underlying mechanisms responsible for these variations. However, the presence of many copies of the IGHV genes sharing a high degree of sequence identity, different chromosomal locations as well as diploidy of human genome make it difficult to reveal the precise locations of polymorphic regions. By using single sperm as a subject, more precise study of the gene configuration of the IGHV region has become possible. Since sperm are haploid and each sperm contains only one set of chromosomes, IGHV region organization on individual chromosomes can be studied directly. [20] [21] [22] [23] [24] In the present study, we investigated the extent of deletion/insertion polymorphisms within the entire IGHV region by using IGHV gene sequences as markers. A high-throughput multiplex detection approach was developed to reduce the cost and labor of analyzing a large number of genes in a large number of single sperm.
Results
Detection of the IGHV genes in individual spermatozoa For each IGHV gene, a segment of sequence was selected as a marker for detection, given that specific primers and probes could be designed from that sequence. Single sperm samples were prepared by flow cytometry. Marker sequences were amplified by a two-round PCR procedure as described in Materials and methods. Multiplex PCR products from a group of single sperm samples of five individuals were spotted onto each microarray. Enough duplicates were prepared to allow detection with all corresponding probes. Sequences amplified individually from all IGHV genes were also spotted onto each array as controls. Two probes labeled with different fluorescent dyes, Cy3 and Cy5, were hybridized to a microarray. IGHV genes were detected based on the microarray signal. A microarray image is shown in Figure 1 . The numbers of sperms analyzed in this study are depicted in Table 1 .
The IGHV genes were subdivided into three groups, Regions I-III, based on their locations (shown in Figure 2 ). Region I began at the 3 0 -end of the IGHV region, and included genes from IGHV6-1 to IGHV(II)-28-1. In total, 37 out of 43 genes in this region were successfully detected. Probes for 35 markers showed high specificity with a single and correct signal in a set of control IGHV gene sequences. Two probes generated specific signals and one additional signal from a nonspecific control IGHV gene sequence: IGHV(III)-26-1, in addition to the correct controls, hybridized to the control sequence for IGHV(III)-22-2, and the probe for IGHV3-20 generated an additional signal from the control for IGHV3-23. Discrimination between the specific and crosshybridizing gene sequences was possible because the crosshybridizing genes were amplified in two separate groups in the second round of PCR. Designing the amplicons into a very narrow size range is an important factor for a high level of multiplex amplification. In our case, due to the high degree of sequence identity, it was impossible to design specific primers with a small size range (B150 bp). In all, 11 out of 13 genes, which were excluded from the study, were those with fragment size larger than 220 bp in the first round PCR.
Sperm haplotype assembly
Since IGHV genes in the three subregions were amplified separately, haplotypes from the entire region need to be assembled. For this reason, sperm of different parental origins need to be distinguished. Genotype information from single-nucleotide polymorphisms (SNPs) and the deletion/insertion polymorphisms were used for this purpose. To identify appropriate SNPs, direct sequencing of eight genes (IGHV6-1, IGHV1-3, IGHV2-5, IGHV4-34, IGHV3-43, IGHV5-51, IGHV3-64, and IGHV1-69) with known allelic variations located within their amplicons 25 and of one additional polymorphic sequence located in the intergenic region between genes IGHV(II)-46-1 and IGHV1-46 26 was performed after amplification of these sequences from the semen samples used in the study. Four SNPs designated as SNP I-IV were found heterozygous in at least one individual (Table 2) . SNP I (C-T) was informative for D20 and AB005, SNP II (C-T) (A-G) for D20, SNP III (C-T) for 002 and D20, and SNP IV (C-T) for AC09. SNPs I and II were novel polymorphisms, which were submitted to the National Center for Biotechnology Information (NCBI) SNP database under accession numbers ss23143434 and ss24778125.
Therefore, each multiplexing group contained primers for the heterozygous SNPs in addition to those for the IGHV gene sequences. Since none of the SNPs was heterozygous for AB027, heterozygous deletion markers IGHV1-8 and IGHV2-10 in Region I were used as markers to discriminate between sperm of different parental origins for this individual. For this purpose, the corresponding primers for IGHV1-8 and IGHV2-10 from Region I were added for the amplification of Regions II and III and a specific deletion pattern was used for haplotype assembly. For all other individuals, aliquots from the first-round multiplex PCR from each sperm were reamplified in the second round with the informative SNP markers only. The products were digested with corresponding restriction enzymes for genotype determination.
Deletion/insertion polymorphisms detected in five individuals and determination of haplotype organization Alignment of genes in each haplotype revealed three deletion/insertion polymorphisms (Del I-III) within the entire IGHV region ( Figure 2 ). Del I was the same polymorphism described previously, 24 which involved a 35-44 kb sequence covering two functional genes, IGHV1-8 and IGHV3-9, and one pseudogene, IGHV2-10 (IGHV3-9 was excluded from the present study). One homozygous and one heterozygous individual with respect to the deletion allele were identified among five individuals included in the present study. Del II showed heterozygous deletion in one individual, covering a region containing the pseudogene IGHV(II)-28.1 in Region I and the pseudogene IGHV3-29 in Region II. The length of this deletion was 2-18 kb. If we assume that IGHV3-30, which was not included in the present study and is located 5 0 to IGHV3-29, is also a part of the deletion, the minimum length for Del II is 5.5 kb. Del III Figure 2 Schematic illustration of the locations of the three deletion/insertion polymorphisms. IGHV region is shown as double horizontal lines. Sizes of deletions were estimated based on positions of the absent markers and adjacent markers, which were present at both sides of the deletion. Vertical bars along the IGHV region indicate the locations of the genes used in this study. Gray, functional genes; black, pseudogenes. Table 3 . Two genes, IGHV1-12 (10%) and IGHV(II)-15-1 (40%), were shown to be absent in some individuals in the initial study. Detailed analysis showed that this was caused by SNPs located in the primer regions (see below).
Confirmation of the deletion/insertion polymorphisms
Haplotypes with deletions were confirmed in two different ways:
(1) Analysis of additional sperm: Gel electrophoresis detection method was used to confirm heterozygous deletions observed in the present study. Marker sequences located in the polymorphic regions (heterozygous deletions and SNPs) were amplified in additional sperm samples of affected individuals by the two-round PCR. As shown in Figure 3 , while markers containing the deletion alleles could not be amplified from the corresponding haplotypes, they were detected robustly from sperm containing insertion alleles from the same individual. (2) Detection of associated alleles: Genotyping the polymorphic SNPs included in the study allowed us to assemble the two parental haplotypes from separately analyzed regions for each donor, and was also a powerful method for confirming heterozygous deletions. When deletion/insertion polymorphisms Table 3 Haplotype were real, the deletion alleles were always codetected with the tightly associated SNP alleles in approximately half of the single sperm samples from the heterozygous donors.
Deletions covering several genes substantiate apparent deletion/insertion polymorphisms since the probability of amplification failure for several genes is very small. Even so, we have confirmed all these polymorphisms as described above. Precaution was taken for cases in which only single genes were absent. Although all the above experiments confirmed the absence of IGHV1-12 and IGHV(II)-15-1 in affected individuals, failure to detect single genes may not necessarily mean that these genes were absent. Detection may fail if the primer and/or probe sequences are affected by other polymorphisms such as SNPs or short Indels (insertion/deletions as described by den Dunnen and Antonarakis 27 ) located in the primer and/or probe regions. To reveal the nature of the variations, alternative primers located outside of the primers used in the first round of PCR were designed for genes IGHV1-12 and IGHV(II)-15-1. PCR products from semen samples were subjected to sequence analysis. Two SNPs at the second position from the 3 0 end of a primer for both IGHV(II)-15-1 (C-G) and IGHV1-12 (T-C) were identified, which resulted in PCR amplification failure for both genes. The SNP in IGHV(II)-15-1 had been previously identified, the SNP in IGHV1-12 was new, and has been submitted to the dbSNP database with an accession number of ss28476482. Genotypes of these SNPs perfectly matched the 'deletion/insertion' pattern of the gene in five individuals.
Discussion
Study of the extent of germ-line diversity in the IGHV region is an important, but a technically challenging task. Difficulties arise from the existence of a number of highly homologous IG genes in the genome, the multiple chromosomal locations of the IGHV genes and the diploidy of the human genome. In the previous study, 24 we made an attempt to overcome these difficulties. IGHV genes were incorporated into a multiplex PCR system, which allowed us to simultaneously amplify tens of genes from single sperm in one tube. Use of haploid single sperm as a subject of our study made it possible to determine the haplotype structure of this complex system and to detect directly heterozygous deletion/ insertions efficiently. However, the gel electrophoresis method that we used for detection in the previous study is limited by the number of bands of different size, that can be resolved in one gel; the large number of sperm to be analyzed would also require a large number of gels. The microarray approach that we have developed in the present study allowed us to study a large number of meiotic products simultaneously. Unlike most microarrays consisting of probes, our microarray was made of sample templates. Such a 'reversed' method is especially advantageous when the number of samples is large and the number of markers included in the study is relatively small. Using two fluorescent colors allowed us to reduce the hybridization number by half.
The present study is the first to identify deletion/ insertion polymorphisms within the entire IGHV region with a total of 108 genes included. Three different deletion/insertion polymorphisms (including the one identified previously) were detected. Notably, the deletion alleles for Dels II and III could be detected only because haploid samples were used since both were in a heterozygous state.
The presence of relatively large deletion/insertion polymorphisms in the IGHV region was implicated in the previous studies and together with our data could be summarized as follows: in Region I, a common deletion/ insertion polymorphism at the 3 0 -end of the IGHV includes gene IGHV7-4-1, 28 and a region containing genes IGHV1-8, IGHV3-9, and IGHV2-10 identified in a recent study from our group. 24 Redetection of this deletion (Del I) validates the high-throughput approach used in the present study.
In Region II, a highly polymorphic area was reported B400 kb upstream of the J region. In this region, a 50 kb insertion containing five genes (IGHV3-30-5, IGHV4-30-4, IGHV3-30-3, IGHV4-30-2, IGHV4-30-1) was identified, this insertion has been observed in 45% of Caucasoids.
12,25 A duplication polymorphism of two genes, IGHV3-30 and IGHV4-28, was also described. [29] [30] [31] The duplicates in the latter case were shown to be in a tandem configuration. 31 The pseudogene IGHV3-29 was shown to be in a present/absent manner in this duplicated region. 32 Our present study revealed a heterozygous deletion in this area (Del II) in one individual, involving two pseudogenes IGHV(II)-28-1 and IGHV3-29. Unfortunately, IGHV3-30, which is located 5 0 to IGHV3-29, was not included in the study but could be a part of Del II. Del III was a new polymorphism described in the IGHV region and involved four contiguous genes among which only the functional gene IGHV4-39 was reported previously to have a null allele. 20 No variation was shown in Region III in the present study. However, deletion/insertion involving gene IGHV4-61, 21 and IGHV3-60 and IGHV4-61 33 (http:// www.mrc-cpe.cam.ac.uk/), was shown previously to be located B225 kb away from the telomere. Seven nonmapped genes with provisional designations (IGHV1-c, IGHV1-f, IGHV3-d, IGHV3-g, IGHV3-h, IGHV4-b, IGHV5-a), which were not included in this study, are also present as deletion/insertion polymorphisms.
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Approximately 77% of the V-D-J rearrangements are believed to involve IGHV genes located within the 500 kb proximal to the IGHJ region, indicating that human B cell lines preferentially rearrange J-proximal V genes. 34 Since the polymorphisms identified in the present study are located within or close to the IGHJ-proximal half, they may contribute to the variation in usage of the IGHV genes during immune response.
The human genome contains various genetic polymorphisms due to deletion/insertion of kilobase-scale DNA sequences. As a relevant comparison, many other immunity-related multigene families such as the human Ig lambda chain constant region (IGLC), 35, 36 Ig kappa chain variable region (IGKV), 37 T-cell receptor gamma chain variable, joining and constant regions (TRGV, TRGJ, and TRGC), 38, 39 human leukocyte antigens (HLA), 40, 41 killer-cell IG-like receptor (KIR), 42 and natural killer gene complex 43 also display varying numbers of some genes. Allelic deletions and duplications involving one or more genes were exhaustively studied in the Ig heavy chain constant region. [44] [45] [46] [47] [48] [49] However, because of the high degree of diversity of IGHV region, studying large polymorphisms is very difficult. Our approach provides an effective method of searching for these polymorphisms, especially, those with a low frequency for the minor alleles.
In chromosomal regions containing multigene families, a high rate of unequal crossing over is thought to be responsible for their concerted evolution and haplotype diversity. Gene conversion and unequal crossing-over favored by the high level of sequence homology among different IGHV genes are possible mechanisms underlying the fact that a large number of variable region genes do not diverge drastically. On the other hand, 722 repetitive elements, which correspond to as much as 41.8% of the entire locus, were reported to be present within IGHV. 11 Regions of germ-line sequences with repetitive elements are likely to be 'hot-spots' of deletions/insertions yet to be explored. Smaller size deletions that fell outside of used amplicons as well as other rearrangements (duplications, inversions) could not be detected in the present study. Given a high degree of sequence identity shared by the IGHV genes together with the abundance of repetitive elements, spontaneous chromosomal rearrangements are expected to occur frequently in the region, practically ensuring that no single haplotype has the same number and composition of genes. The fact that certain deletion/insertion polymorphisms are present on more than one chromosome in a given set of 10 haplotypes reflects their high frequency in human population, which probably could have been achieved by certain selective forces favoring their presence. Our results reflect an important contribution of macromutations to the evolution of the IG genes. Defining the precise locations of deletions would allow the exploration of mechanisms underlying the genetic variation in this highly complex region. Comparative analysis of the structure and organization of the human IGHV locus with those of other species or with other multigene loci would provide clues for further understanding the molecular mechanisms governing the evolution of multigene families.
Materials and methods
Single sperm sample preparation Anonymous semen samples from five unrelated healthy Caucasian donors (AB027, D20, AC09, 002, and AB005) used in the present study were the remainder of the specimens used in the study by Pramanik and Li. 24 Single sperm were sorted by flow cytometry into the wells of 96-well PCR plates and stored at À201C until use. Sperm lysis was performed prior to PCR according to Cui et al.
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Design of PCR Primers
The sequences submitted to GenBank by Matsuda et al 11 (accession numbers AB019437, AB019438, AB019439, AB019440, and AB019441) were used for primer design. The IGHV region was subdivided into three regions (Region I, II, and III from 3 0 -end to 5 0 -end of the IGHV region) with 38-43 genes in each region. A group of primers were designed for multiplex PCR of each region. Sequences within each IGHV family were aligned using the Wisconsin GCG package http://siriusc.umdnj.edu/ gcg-bin/seqweb.cgi to facilitate the selection of specific primers for the highly homologous genes. For each gene, three primers, L (Left), R (Right), and N (Nested), were designed. The size of the amplicons ranged from 94 to 253 bp. Each primer was searched against the entire IGHV region using Wisconsin GCG package, to make certain that the sequences used as primers contain at least three mismatches, preferably located at the 3 0 -end of the primer sequence, with any other sequences in the IGHV region. Either the L or R primer had a universal tail sequence (UT) added to its 5 0 -end (5 0 -GATGC-TAGTCTTCGTGATGG-3 0 ). Some genes shared common primers due to the scarcity of specific sequences in these gene regions. Thus , and IGHV3-71 were designed outside of these genes, but in close vicinity because no specific sequences for primer design could be found within the gene regions. Finally, genes for IGHV3-30 and IGHV3-33 could not be discriminated and were excluded from the study. Primer compatibility tests was performed by using a computer program developed in our laboratory. Each group of primers was designed to avoid primer-primer interaction during multiplex amplification. All primers were tested individually experimentally before being included in the multiplex analysis (primer and probe sequences are listed at our web site: http://www2.umdnj.edu/lilabweb/publications/3Del).
Multiplex PCR amplification of the IGHV genes IGHV genes were amplified by a two-round PCR protocol described previously. 24 Sequences for each region were first amplified in the first round of PCR with a long annealing-extension step. Then aliquots from the first-round PCR were reamplified in the secondround (nested) PCR to improve specificity and yield of the final products. Primers for the Region II (38 genes) and Region III (40 genes) were amplified together in the first round and then amplified in separate groups in the second round. All the experimental optimization related to multiplex PCR was performed with 1 ng human genomic DNA before amplification of the sequences from single sperm. Only PCR products that were amplified robustly, as judged by gel assay, were selected for microarray detection.
Probe design for microarray detection Probe sequences for microarray detection were designed within the amplicons. They were B20 bases in length and unique for each gene with four or more mismatches to all other sequences. The GCG Wisconsin package and BLAST searches were used to identify mismatches between the probes and the rest of the IGHV region. In all, 42 probes for Region I were synthesized by IDT (Integrated DNA Technologies Inc., Coralville, IA, USA), and 79 probes for Region II and III were synthesized by Synthegen (Synthegen LLC Houston, TX, USA). All probes were HPLC purified. Half of the probes were fluorescently labeled with 5 0 -Cy5 and the other half with 5 0 -Cy3 dyes.
Microarray detection of the IGHV genes
Multiplex PCR products amplified from single sperm of five donors were purified by ethanol precipitation and spotted in duplicate onto aminosilane coated glass slides with 50% DMSO as the printing buffer using a microarray spotter OmniGrid Accent Microarrayer (GeneMachines, San Carlos, CA, USA). Hybridization was performed in a hybridization station, the HS 4800 (TECAN, AUSTRIA Ges.m.b.H, Salzburg, Austria), for 1 h in 2.5 Â SSC with 0.5% SDS and 5 Â Denhardt's solution at 42-551C, depending on the melting temperature of the individual probes. Besides sperm samples from five donors, each array also contained a set of control sequences for all IGHV genes separately amplified using 1 ng genomic DNA to serve as positive and negative controls for assessment of the individual probe specificity. Each array was hybridized with two probes labeled with different fluorescent colors, each probe was specific for a single gene, and therefore was expected to hybridize to a single control spot, but not to any others. Hybridization and washing conditions were optimized so that each probe gave rise to a single correct signal among these controls (Figure 1 ). Each array contained duplicate spots for each sample and two or more hybridizations were performed for each individual probe to validate the results and minimize experimental errors. Fluorescence signals were collected by scanning the arrayed slides with the GMS418 fluorescent scanner (Genetic Microsystems Inc., Woburn, MA, USA). The ImaGene software (version 5.5.2, copyright BioDiscovery Inc., Marina Del Ray, CA, USA) was used for image analysis. Red (Cy5) and green (Cy3) signal intensities were analyzed independently. The presence of the marker was determined according to the mean intensity of the fluorescent signal for each spot after background subtraction.
